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INTRODUCTION 
Tomographic reconstruction [1] is a method of imaging by illuminating the 
object in many different directions in the plane of interest, using X-rays or ultrasound. 
An image is formed from changes in a physical variable occurring in the planar cross 
section. Typically, changes in propagation delay or arrival time are used to reconstruct 
an image of the slowness variations (where slowness is the inverse of velocity), or 
changes in signal amplitude are used to produce an attenuation image. 
There are two main groups of tomographic imaging techniques. The first of 
these is known as series expansion methods [2], which use iteration to reconstruct the 
desired image. These methods are fairly flexible, as they can correct for anisotropy, ray 
bending, and non standard sampling geometry, but they are computationally inefficient. 
Two well known series expansion methods are the Algebraic Reconstruction 
Technique (ART) [3] and the Simultaneous Iterative Reconstruction Technique 
(SIRT) [4]. The second group of reconstruction techniques is known as transform 
methods [5], and they use Fourier analysis to reconstruct the image. These algorithms 
are fast and efficient, but require precise sampling geometry and are thus perhaps not 
as popular as iterative techniques. Two well known transform methods are Fourier 
inversion [6], and Filtered back projection [7-8], which is used in this work. 
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There are numerous applications in ultrasonic testing where contact with the 
specimen is undesirable or impractical, for example when the sample is hot, moving, or 
both. Non-contact transduction may be achieved using a pulsed laser [9] and some 
form of optical detector [10], an electromagnetic acoustic transducer (EMAT) [11], or 
an air-coupled transducer [12-14]. This work will describe how a filtered back 
projection algorithm used Lamb waves [15] to reconstruct tomographic images of 
defects in thin sheets of a variety of materials, using a pulsed laser source and air 
coupled receiver, and a pair of air coupled capacitance transducers. 
THE PROJECTION THEOREM 
The filtered back projection algorithm used in this work may be explained by 
considering the sampling geometry shown schematically in Figure 1. The object to be 
imaged was illuminated by a series of rays or waveforms at regular linear intervals, 
with the source and receiver separation fixed. The travel time for each ray was in fact 
the line integral of all the slowness variations between the source and receiver, and 
each ray gave one point of the projection of the slowness function. To obtain a 
different projection, the object was rotated by some angle and the process repeated. 
The projection theorem states that the Fourier transform of a projection of the 
slowness function at an angle () is equal to the two dimensional Fourier transform of 
the actual slowness function through the center of the object at the same angle (). 
The series of projections may be thought of as being arranged through the 
center of the object like the spokes of a wheel, and the slowness function may be 
obtained using the inverse two dimensional Fourier transform. To avoid large 
inaccuracies caused by interpolating in the Fourier domain, particularly towards the 
outside of the scan where the data points were sparse, the inverse transform was 
converted polar co-ordinates. By substitution and manipulation, the two dimensional 
Fourier transform simplified to a back projection of all the projections, convolved with 
a kernel function, or filtered in the Fourier domain. Linear interpolation was then used 
to accurately obtain the slowness function at any desired point in the scan area. 
Although described in terms of travel times and slowness function, the technique is the 
same for any variable such as attenuation or frequency shift. 
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Figure 1: Schematic diagram of the sampling geometry. 
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Figure 2( a): Schematic diagram of a capacitance transducer. 
AIR-COUPLED CAP ACIT ANCE TRANSDUCERS 
The air transducers used in this work were of the capacitance type shown 
schematically in Figure 2(a). They consisted ofa metallized polymer membrane next to 
a contoured conducting backplate, which formed the two electrodes of a capacitor 
between which a d.c. bias voltage was applied. When acting as a source of ultrasound, 
applying a transient voltage varied the charge between the two electrodes and caused 
the membrane to move and generate ultrasound in air. When acting as a receiver, the 
process was reversed, and charge variations caused by an ultrasonic signal moving the 
membrane were detected using a suitable charge sensitive amplifier. The construction 
of the devices used in this work is shown in greater detail in Figure 2(b). The backplate 
was manufactured from a single wafer of silicon, into which a series of pits 40Jlm in 
diameter and 80Jlm apart had been anisotropically etched to a depth of 40Jlm. A gold 
electrode was then evaporated onto the silicon to make a conducting surface. The 
polymer film used was Mylar metallized with aluminum, and membranes 6Jlm thick 
were used for the transducer used as a source of ultrasound, and 2.5Jlm thick for the 
receiver. 
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Figure 2(b): Construction detail of the air transducers. 
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Figure 3: Schematic diagram of the experimental apparatus. 
EQUIPMENT AND EXPERIMENTAL TECHNIQUE 
Two sets of experiments were performed using the apparatus shown 
schematically in Figure 3. In the first part of the work, ultrasonic waves were 
generated in the sample using a Lumonics 'Lasermark' series Model 630 CO2 TEA 
laser, which delivered lOOns pulses at a wavelength of 10.6Jlm and a maximum energy 
of8J. Waveforms were received by an air coupled transducer connected to a Cooknell 
CA6/C charge sensitive amplifier with a power supply providing a 100V d.c. bias 
between the two electrodes. Signals were captured using a Tektronix 2430A digital 
oscilloscope, and transferred via an IEEE-488/GPIB interface to an IBM PS/2 model 
30 286 PC, which was also used to control the linear and rotary Daedal stages using a 
Modulynx stepper motor controller. In the second part of the work, the pulsed laser 
was replaced by another capacitance transducer driven by a Panametrics pulser-
receiver model 5055PR, thus giving an entirely air coupled system. 
Conventional tomographic imaging usually requires absolute measurements of 
arrival time or amplitude along known ray paths. However, using the air coupled 
transducers the exact point of generation or reception was not known, and there will 
be additional delays and attenuation caused by the air gap. To overcome these 
unknowns, a form of difference tomography was employed, in which all measurements 
were made with respect to the first ray path in each projection. The reconstructed 
image would then be of the change in a parameter caused by the presence of a defect. 
In addition to arrival time and signal amplitude, another useful parameter in 
determining the presence of a defect was the shift in the centroid frequency of a fast 
Fourier transform (FFT) of a waveform or ray. Unless stated otherwise, the dimensions 
of each scan were 50mm in steps of 1 mm, giving 51 rays per projection, and 180° in 
steps of 5°, giving 37 projections. 
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Figure 4: Typical Lamb wave in O.69mm 
thick aluminum sheet using the laser. 
RESULTS USING THE LASER SOURCE 
Figure 5: Image for a Smm hole in 
O.69mm aluminum using signal amplitude. 
A typical Lamb wave obtained using the pulsed laser as a source is shown in 
Figures 4 for a O.69mm thick aluminum sheet, with similar waveforms obtained in all 
the materials tested. The waveform was the sum of 8 averages to reduce high 
frequency noise, and the characteristic dispersion of the ao mode is clearly visible, 
along with the direct wave through the air. Figure 5 shows the image of a 5mm 
diameter hole through a O.69mm thick sheet of aluminum, in the center of the scan 
area, obtained using signal amplitude. Despite an annular appearance due to diffiaction 
effects, the defect can be clearly resolved, with similar results using time of flight and 
shift in centroid frequency. Note that there is no information in the four comers of the 
image as they are outside the scan area. The technique works well in other materials, 
with Figure 6( a) showing the image of a 5mm hole in a 1 mm thick sheet of Perspex 
(Plexiglas), and Figure 6(b) a 10mm diameter recess machined halfway through a 16 
ply (2.2mm) cross ply carbon fiber reinforced composite (CFRP) plate The images 
were of time of flight (slowness) and shift in centroid frequency respectively. 
Figure 6(a): Image ofa 5mm diameter 
hole in I mm Perspex (Plexiglas) 
Figure 6(b): Image ofa IOmm diameter 
recess in a 32 ply (4.4mm) cross ply CFRP 
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Figure 7: Typical Lamb wave in a 0.69mm Figure 8: Image of8mm diameter recess in 
aluminum sheet, using the transducer pair. 0.69mm aluminum using signal amplitude. 
RESULTS USING THE AIR TRANSDUCER SOURCE 
A typical Lamb waves obtained using the air coupled capacitance transducer as 
a source of ultrasound is shown in Figure 7 for the 0.69mm aluminum sheet, with 
similar results obtained in the 1 mm Perspex (plexiglas) plate as before. The waveform 
is the result of 128 averages to improve the signal to noise ratio, and again the 
characteristic ~ dispersion is visible before the larger direct wave through the air. The 
image shown in Figure 8 are for a 8mm diameter recess machined halfway through a 
0.69mm thick aluminum sheet, formed from the signal amplitude, and good results 
were also acquired using the time offlight (slowness) and shift in centroid frequency as 
the measured parameter. As with the laser source, the defect is clearly resolved despite 
the diffraction effects. Similar results were obtained for the 5mm diameter hole in a 
Imm thick sheet ofPerspex (plexiglas). The image ofa 10mm diameter recess 
machined halfway through a 16 ply (2.2mm thick) CFRP composite plate is shown in 
Figure 9 using the shift in centroid frequency, with the defect offset by 10mm from the 
center in each direction to show that the technique can resolve non central defects. 
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Figure 9: Image of a lOmm diameter 
recess in 16 ply (2.2mm) cross ply CFRP 
plate, using shift in centroid frequency. 
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Figure 10: Image ofa Imm by 10mm slot 
in a 0.69mm thick aluminum sheet, using 
signal amplitude, off center by 10mm. 
Figure ll(a): Image of IOmm and 5mm 
defects in O. 69mm aluminum using signal 
amplitude (attenuation function). 
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Figure ll(b): Image of IOmm and 5mm 
defects in O.69mm aluminum using shift in 
centroid frequency. 
To see if the technique could resolve strongly non circular defects, a lmm by 
lOmm slot was machined through a O.69mm thick sheet of aluminum, and offset from 
the center by IOmm in one direction. The scan size was increased to 60Ill11l in 1 mm 
steps to give 61 rays per projection. The resultant tomographic reconstruction is 
shown in Figure lOusing signal amplitude, and the algorithm has clearly picked out 
the diffraction at the ends of the slot. To see if the technique could resolve more than 
one defect in the scan area, a O.69mm aluminum plate was machined with a IOmm 
diameter hole in the center and a 5mm diameter hole offset from the center by 20mrn in 
both X and Y directions. The resulting tomographic images are shown in Figure I 1 (a) 
for the change in signal amplitude, and 1 1 (b) for the shift in centroid frequency. In both 
cases, the two defects are clearly resolved, with a greater change in signal amplitude or 
frequency shift associated with the larger defect in the center of the scan area. 
CONCLUSIONS 
Ultrasonic tomographic imaging was performed using wide band air coupled 
capacitance transducers that were micro machined from silicon. In a first set of 
experiments, a pulsed laser was used as a source of ultrasound and images were 
obtained for various defects in aluminum and Perspex or Plexiglas. The laser was then 
replaced with another capacitance transducer to give an entirely air coupled system. 
This was successfully used to characterize defects in aluminum, Perspex and carbon 
fiber reinforced polymer composites. This flexible system produced images of the 
change in a variety of acoustic variables from one set of experimental data, and it is 
hoped will be suitable for many non destructive testing applications. 
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